ABSTRACT Background: TCF7L2 gene variants have been associated with increased risk of type 2 diabetes and higher adiposity. Observational studies and short-term trials have suggested that macronutrients may modify these effects. However, to our knowledge, this has yet to be verified in long-term interventions. Objective: In a long-term intervention setting, we investigated the effects of TCF7L2 polymorphisms rs7903146 and rs12255372 and dietary total fat on changes in body composition and subsequent glycemic control. Design: Data were analyzed for 591 participants in the Preventing Overweight Using Novel Dietary Strategies (Pounds Lost) trial, which is a 2-y weight-loss randomized clinical trial of diets that differed in macronutrient proportions. Adjusted means for changes in body composition at 6 and 24 mo were obtained for gene main effects and interactions with a low-fat diet (20% from energy) compared with a high-fat diet (40% from energy). Interactions with protein and carbohydrate intakes were also tested. Predicted changes in glycemic control from changes in adiposity were determined by genotype and diet type. Results: Significant interactions were observed for rs12255372 TT (risk genotype) and fat intake for changes in BMI, total fat mass, and trunk fat mass (all P/q , 0.05) at 6 mo, with nonsignificant larger decreases for TT carriers on a low-fat diet. No significant associations were observed at 24 mo or for other macronutrients. Changes in body composition for TT carriers predicted reductions in plasma glucose and insulin only on the low-fat diet. Conclusions: Individuals with the TCF7L2 rs12255372 risk genotype may reduce body adiposity by consuming a diet lower in total fat. These reductions may induce better glycemic control for such individuals predisposed to type 2 diabetes. The Pounds Lost trial was registered at clinicaltrials.gov as NCT00072995.
INTRODUCTION
Population genetic studies have consistently shown that common variants in the TCF7L2 gene significantly predict type 2 diabetes risk (1) (2) (3) (4) . The deleterious effect is hypothesized to be related to b cell function (2) (3) (4) (5) . In addition, compelling evidence has suggested important roles of TCF7L2 in the regulation of body weight and adiposity including 1) taking part in the Wnt signaling cascade, which inhibits adipogenesis (6) , 2) gene expression in adipose tissue differing by genotype after caloric restriction (7, 8) , 3) the association with hunger-satiety hormones that influence weight loss (9) , and 4) the promotion of the transcription of proglucagon, which induces the synthesis of glucagon-like peptide, which is a regulator of insulin and glucagon secretion, appetite, and food intake (6) .
Despite this evidence, reports on the association of TCF7L2 variants with weight and body composition have been contradictory (2, 8, 10) . One possible explanation for the discrepancies might be interactions between TCF7L2 genotypes and environmental factors such as dietary intake. Such interactions have been reported in observational studies for dietary fat (11) (12) (13) , carbohydrate intake (14, 15) , and animal protein (16) , but results from intervention settings are limited. A recent randomized trial reported that obese individuals with the TCF7L2 single-nucleotide polymorphism (SNP) 4 rs7903146 risk allele have better responses in weight loss and adiposity outcomes after 10 wk of consumption of a low-fat, but not high-fat, dietary intervention (17) . The study suggested that individuals who carry TCF7L2 risk alleles are more sensitive to low-fat than high-fat weightloss diets; however, the intervention period was short. Thus, we aimed to investigate whether TCF7L2 genotypes of the wellrecognized SNPs rs7903146 and rs12255372, which are in moderate linkage disequilibrium (LD) in European populations (r 2 = 0.73) (18) , modulate the response to diets of different fat content in relation to long-term changes in anthropometric measures and body composition in a 2-y randomized, weightloss intervention trial and whether changes in adiposity by gene variant and diet type predict subsequent changes in glycemic control. A secondary aim was to test interactions with dietary carbohydrate and protein.
SUBJECTS AND METHODS

Study participants
The Preventing Overweight Using Novel Dietary Strategies (Pounds Lost) trial (www.clinicaltrials.gov; NCT00072995) was a 2-y randomized clinical trial for weight loss conducted at Boston, Massachusetts, and Baton Rouge, Louisiana, in 2004-2007 (19, 20) . The study randomly assigned 811 participants into 4 energy-reduced diets of varying macronutrient proportions. Participants had to be 30-70 y of age and have BMI (in kg/m 2 ) of 25-40. Exclusion criteria included the presence of diabetes or unstable cardiovascular disease. The 2-y retention was 80%; the analysis was conducted as an intention-to-treat analysis. All participants provided informed consent, and the study was approved and monitored by the human subjects committee at Harvard School of Public Health, Brigham and Women's Hospital, Pennington Biomedical Research Center, and the National Heart, Lung and Blood Institute.
To avoid population stratification (3, 15) , we restricted analysis to individuals who self-identified as white (n = 643). Stratified analysis for other racial-ethnic groups could not be conducted because of low sample sizes (n = 127 African-Americans, n = 29 Hispanics, and n = 12 other races). Of the 811 enrolled participants, 8 subjects did not provide consent for DNA sampling. There were 745 samples available for genotyping at the time of this analysis, of which 597 samples indicated white race. The final sample size was 588 for rs7903146 and 591 for rs12255372.
Dietary intervention
Participants were randomly assigned to 4 diet groups with the following goals for total fat, protein, and carbohydrate as percentages of total energy: 20%, 15%, 65%; 20%, 25%, 55%; 40%, 15%, 45%; and 40%, 25%, 35%, respectively. The following 2 diet categories were defined to test interactions with dietary fat: low fat (2 diets with an aim of 20% from total energy) and high fat (2 diets with an aim of 40% from total energy). Dietary fat was the primary macronutrient considered for gene-diet interactions on the basis of previous reports and plausible mechanisms. A secondary analysis was conducted to test interactions with other macronutrients as follows: 2 low-protein (15% of total energy) compared with 2 high-protein (25%) groups and the 2 assigned diets with extreme carbohydrate composition (35% compared with 65% of total energy). All participants, independent of diet group, were instructed to consume .20 g dietary fiber, #8% saturated fat, and #150 mg cholesterol/100 kcal and to choose foods low in glycemic index. The energy deficit was 750 kcal from baseline.
To enhance compliance, participants were initially screened for any potential eating disorder, medical condition, or psychological behavior that could interfere with acceptability or adherence to any of the diets and were further interviewed to ensure sufficient suitability and enthusiasm for the study before enrolling. Assigned diets were introduced during an initial individual orientation with a trained dietitian. Adherence was encouraged through periodic group and individual behavioral counseling sessions with reinforced instructions on following meal plans and through daily self-monitoring by using diet records and Web-based tools. Dietary compliance was formally measured with biomarkers of nutrient intake (HDL cholesterol for carbohydrate, urinary nitrogen excretion for protein, and respiratory quotient for fat) and with 24-h recalls at 6 and 24 mo to determine adherence to macronutrient targets.
Measurements and genotyping
Anthropometric measures were collected at baseline and 6, 12, and 18 mo and 2 y according to standard protocols (19, 20) . BMI was calculated by dividing weight by the squared height of a participant. Dual-energy X-ray absorptiometry (DXA) scans were performed on a random subset of 50% of participants (n = 326 for this analysis) to assess body fat at baseline, 6 mo, and 2 y. The DXA protocol has been described in detail previously (20) . Briefly, measurements were taken after an overnight fast with the participant wearing a hospital gown in the supine position on a Hologic QDR-4500A bone densitometer (Hologic). Digital files were analyzed by using a single reader at the Pennington site. The accuracy of instruments at the 2 sites was assessed by taking 3-point body fat phantoms; the instruments were well matched and stable. A comparison of fat mass with lean mass was determined as the percentage from body fat and body weight.
Fasting blood samples were collected at baseline and 6 and 24 mo. Analyses for glucose and insulin were done from aliquotted serum at the Pennington Laboratory with an immunoassay with chemiluminescent detection on an Immukite analyzer (Diagnostics Products Corp).
Genotyping has been described in detail previously (21) . Briefly, DNA was extracted by using a QIAmp Blood Kit (Qiagen). Polymorphisms rs7903146 and rs12255372 were genotyped by using the OpenArray SNP Genotyping System (BioTrove). The genotype success rate and replication concordance were $99%.
Statistical analysis
Outcomes included changes at 6, 12, 18, and 24 mo (determined as the difference from baseline) for anthropometric measures (weight, waist circumference, and BMI) and at 6 mo and 2 y for DXA body fat measures (total body fat, lean mass, and trunk fat). The body-composition outcomes were selected to depict various adipose depots (ie, abdominal or central adiposity by using waist circumference and overall body fat by using BMI). Weight loss was the primary outcome of the original study. Although waist circumference and BMI have shown strong correlations with DXA-measured body fat, especially in whites, DXA measurements were included in our study as a validation of body adiposity outcomes by using more precise estimates of fat mass because DXA distinguishes fat mass from lean mass (22) . Thus, DXA-measured total fat mass indicates overall body fat (as BMI), whereas trunk fat mass reflects central adiposity (as waist circumference). Although the outcome measures overlap to some degree, they may differentiate fat-mass depots and may help establish consistency and accuracy of results.
Hardy-Weinberg equilibrium was tested by using the chisquare test. The LD between the 2 polymorphisms was determined with PowerMarker 3.25 software (23) . Linear mixed models were used to compare means for continuous outcomes across genotypes at baseline with adjustment for age, sex, and center as well as the change at 6 mo and 2 y and with additional adjustments for the baseline measure and diet intervention. Main additive effects for each variant were assessed separately for each diet group. Interactions between diet group and genotypes were tested by including an interaction term in the models as independent predictors of each outcome. Tukey's test for multiplecomparison adjustment was applied to the reported adjusted means. To minimize false-positive findings for gene-diet interaction tests, a positive false discovery rate correction was applied, with the corresponding adjusted q value reported (24) . Linear mixed models adjusted for age, sex, site, and baseline measure were conducted by diet type and genotype for continuous changes in blood glucose and insulin to determine whether any observed significant changes in body composition by genotype-diet effect predicted additional changes in glycemic control. Statistical significance was deemed at P , 0.05 (and q , 0.05 for interaction terms). Statistical analyses were performed with SAS 9.3 software (SAS Institute).
RESULTS
The frequency for the TCF7L2 rs7903146 risk allele was 42.2% for heterozygous (CT) and 8.3% for homozygous (TT), whereas the frequency for the rs12255372 risk allele was 40.6% for heterozygous (GT) and 7.8% for homozygous (TT) ( Table  1) . Genotype frequencies did not differ by age, sex, center, or randomized diet. Both variants were in Hardy-Weinberg equilibrium (P = 0.736 for rs7903146 and P = 0.886 for rs12255372). The 2 SNPs were in moderate LD (r 2 = 0.71). There were no differences in baseline or the change at 6 mo or 2 y by TCF7L2 genotype for any outcome (Table 1) .
After adjustment for age, sex, center, and baseline measure, significant interactions with the randomly assigned dietary fat groups were observed for rs12255372 on changes in BMI (P/qinteraction = 0.043/0.049), total fat mass (P/q = 0.029/0.049), and trunk fat mass (P/q = 0.033/0.049) at 6 mo ( Figure 1) . In general, 1 Linear mixed models were used to determine mean baseline outcome measures adjusted for age, sex, and center and 6-mo and 2-y changes adjusted for age, sex, center, baseline measure, and diet intervention. Macronutrients from 4 randomized intervention diets were dichotomized as follows: low fat (2 diets with a target for total fat of 20% from total energy) compared with high fat (2 diets at with a target for total fat of 40% from total energy); low protein (2 diets with a target of 15% from energy) compared with high protein (2 diets with a target of 25% from energy); and low carbohydrate (one diet with the lowest carbohydrate composition of 35% from energy) compared with high carbohydrate (one diet with a carbohydrate composition of 65%).
2 Mean 6 SD (all such values).
3 DXA, dual-energy X-ray absorptiometry.
individuals with the TT genotype showed a greater reduction in each of those outcomes when the consumed a low-fat diet than did individuals with the same genotype but who consumed a high-fat diet; however, none of these differences were significant after a multiplecomparison adjustment. The interaction for change in weight at 6 mo was a not significant (P/q = 0.057/0.053) but suggested a similar direction as the other reported interactions. When subjects consumed a low-fat diet, individuals with the risk allele of rs12255372 had a greater decrease in BMI (P = 0.046) than did carriers of the C allele (see Table 1 under "Supplemental data" in the online issue). There were no differences by genotype with the high-fat diet. A significant interaction with the randomized diet was observed for rs7903146 and the change in lean mass at 6 mo (P/q = 0.035/0.049; see Table 2 under "Supplemental data" in the online issue), with no difference by dietary fat group for TT individuals but a greater loss of lean mass for CC carriers who consumed the low-fat diet. No significant interactions were observed beyond the 6-mo time point for changes in weight, waist circumference, or BMI (see Table 3 under "Supplemental data" in the online issue) nor for changes in DXA-measured body fat when assessed at 24 mo (see Table 1 under "Supplemental data" in the online issue).
An interaction between protein intake and rs12255372 for changes in lean mass was observed at 6 and 24 mo (P = 0.004 and P = 0.049, respectively); however, these interactions were no longer significant after a positive false discovery rate correction (q = 0.096 and q = 0.588; see Table 4 under "Supplemental data" in the online issue). Carriers of the rs7903146 risk variant showed less loss of lean mass in the highest-carbohydrate diet only (P = 0.003); the interactive term was not significant (see Table 5 under "Supplemental data" in the online issue). No other main effect or interactive terms were detected as significant for the TCF7L2 SNPs and dietary protein or carbohydrate intake.
Because we detected a significant interaction between TCF7L2 rs12255372 and dietary fat on body fat outcomes, we determined whether those gene-and diet-induced changes predicted glycemic control. Reductions in weight and BMI at 6 mo were associated with significant reductions in plasma glucose and insulin for subjects with the rs12255372 G allele in both the low-and high-fat diet groups but only in the low-fat diet group for subjects with the TT risk genotype ( Table 2 ; see Table 6 under "Supplemental data" in the online issue for baseline values). Subjects with the TT genotype showed stronger changes in glycemic markers per unit change of BMI or weight than did FIGURE 1. Adjusted mean (6SE) gene-nutrient interactions between TCF7L2 rs12255372 and total dietary fat intake as assigned at random to participants in the Preventing Overweight Using Novel Dietary Strategies trial for changes in body-composition measures at 6 mo. Values were from linear mixed models adjusted for age, sex, center, and baseline value. The mean difference (6SE) and adjusted P value by using Tukey's test for multiple comparisons are indicated at the bottom of each panel. The low-fat group (black bars) included individuals who were randomly assigned to consume diets with a target for total fat of 20% from energy; the high-fat group (gray bars) included individuals who were randomly assigned to consume diets with a target for total fat of 40% from energy. Significance for interactions is reported as the P value/adjusted q value from a positive false discovery rate correction. Values were obtained from linear mixed models by diet type and genotype for continuous changes in blood glucose and insulin adjusted for age, sex, center, and baseline measure. Low-fat randomized diets had a target for total fat of 20% from total energy; high-fat randomized diets had a target for total fat of 40% from total energy. n = 591 for models with weight and BMI as predictors, and n = 326 for models with dual-energy X-ray absorptiometry total fat and trunk fat measures as predictors. 
DISCUSSION
We report that overweight individuals with the risk genotype of TCF7L2 rs12255372 may reduce body adiposity by consuming a diet low in total fat, and those changes may translate into additional reductions in blood glucose and insulin. The changes were observed after 6 mo with an energy-restricted intervention when maximum weight-loss was achieved. The genotype-byintervention interaction disappeared after 6 mo of intervention, which was likely because of diminished adherence to randomized dietary targets from 6 mo to 2 y (19). The Pounds Lost trial measured adherence by assessing the reported intake of macronutrient targets and biomarkers of nutrient intake (19, 20) . However, the self-reported dietary-assessment tools used to determine target proximity might have been be prone to misreporting, and biomarker data suggested that individuals in the diet groups might have been consuming comparable macronutrient content as the study progressed, which thus concealed any detectable differences (20, 25) . The achievement of full compliance in dietary trials is not viable beyond 6-12 mo (25); thus, any possible benefits from low-fat diets for individuals with the risk TCF7L2 genotype on long-term changes in weight and body adiposity may be limited and would need to be evaluated in trials with stronger adherence.
Grau et al (17) reported that obese, white individuals with the rs7903146 risk genotype had significantly greater decreases in fat-free mass and fat mass after 10 wk of consumption of a reduced-calorie low-fat (20-25%) diet than did individuals who consumed a high-fat (40-45%) diet. We also report a significant interaction for rs7903146 and randomized diet on the change in lean mass, but the greater decrease was observed for subjects with the common genotype. We report interactions with TCF7L2 rs12255372, whereby BMI and total and trunk body fat percentages decreased more in participants with the TT risk genotype when assigned to a diet with w20% than when assigned to a diet with w40% of calories from fat. Although these results were reported for rs7903146, Grau et al (17) observed similar results because individuals with the TCF7L2 risk variant responded better for changes in body weight and composition when consuming a low-fat diet of comparable composition as in the Pounds Lost trial. However, Haupt et al (10) reported that carriers of the risk allele for both SNPs had significantly less reduction in total body fat and visceral and nonvisceral fat after 9 mo of a restricted-calorie intervention in which all participants consumed ,30% fat. The authors did not analyze interactions with macronutrients. The Diabetes Prevention Program did not find an interaction between genotype and a lifestyle intervention with recommended 25% fat on weight changes (26) and suggested that TCF7L2 may not determine the ability to lose weight. Differences in dietary composition, time frame, other lifestyle changes, and populations may have accounted for discrepancies between studies.
Reductions in markers of glycemic control by changes in body fat were observed for rs12255372 C carriers in either the low-or high-fat diet group but for TT carriers only in the low-fat diet group; these results were consistent with the observation that TT carriers have a greater benefit on body composition with this diet. Inconsistencies in the results for DXA measurements might have been due to limited statistical power. Other general lifestyleintervention studies have shown improved plasma glucose and insulin homeostasis and insulin sensitivity mediated by decreases in adiposity in overweight men (27) and obese postmenopausal women (28) . Our results suggested that such glycemic benefits may not occur for individuals with the TT risk variant when they consume diets with a higher fat content, which is an observation that emphasizes the importance of following diabetesprevention dietary strategies and should be further examined in intervention studies.
A recent article by Fisher et al (16) showed that TCF7L2 HapA (which is a haplotype derived from rs7903146 and rs10885406) attenuated a positive association between animal-protein intake and long-term weight changes in middle-aged Europeans. In our study, the interaction between protein intake and rs12255372 on changes in lean mass was not significant after adjustment for multiple tests. Pounds Lost participants were not instructed to consume a specific type of protein source, and our observation was with the rs12255372 SNP; thus, we may not be able to draw direct comparisons between studies. However, we observed a significant interaction between rs7903146 and dietary fat, whereby carriers of risk variant lost similar lean mass in both diet groups, and these subjects showed less loss of lean mass when consuming the highest-carbohydrate diet. Because the highest carbohydrate content corresponded to the diet assigned for a lower fat content in our study, and animal -protein sources may have a higher fat content, it may be difficult to determine which nutrient influences lean mass in conjunction with this SNP.
Fisher et al (16) suggested that, because the rs7903146 HapA variant arose during a transition from hunter-gatherer to agricultural practices (and, therefore, a reduction in protein sources), carriers of the variant were selectively adapted to maintain weight stability under low-protein conditions. It may be possible that concurrent environmental pressures of less availability of fat but more plant-based carbohydrates, selected for lean mass preservation in addition to weight stability for individuals with this variant. This speculation and the potential mechanisms by which TCF7L2 rs7903146 interacts with macronutrients to affect lean mass warrant additional scrutiny.
How dietary fats and TCF7L2 modulate responses in weight and adiposity remains unclear. In light of the available literature, it may be possible that all 3 macronutrients modulate the effect of TCF7L2 through different pathways. In our study, TCF7L2 variants influenced fat depots only in response to dietary fat intake, whereas the interaction with protein intake affected lean mass. Collectively, previous reports as well as our study may encourage additional molecular studies to help elucidate the mechanisms of TCF7L2 under various dietary conditions.
In our cohort, TCF7L2 rs12255372 and rs7903146 were in moderate LD, which was similar to what has been reported in HapMap European populations (18) . Most studies referenced in the current study that analyzed both polymorphisms for genediet interactions reported parallel results between SNPs. The reason for the lack of replication with rs7903146 in our study is unclear. Although the use of regression methods to analyze multiple correlated loci as the predictor variable is appropriate for markers that are not in strong LD, it is difficult to discriminate the individual variation likely to be causally associated to the outcome (29) .
Alternative splicing of TCF7L2 expression in adipose tissue has been reported, although there was no difference by variants (30) . However, a recent study suggested that the TCF7L2 risk alleles analyzed in our study might act through gene-expression levels rather than alternative splicing, with the expression levels of TCF7L2 mRNA being between 1.5-and 3-fold higher for individuals homozygous for both rs7903146 and rs12255372 risk alleles compared with individuals homozygous for the common alleles, depending on the tested cell line (31) . In addition, these SNPs were in strong LD with 5 additional variants in the region, and some of them showed differential enhancer activity. It is possible that multiple loci in TCF7L2 with varied functionality may act together or additively to affect the associations with adiposity and diabetes outcomes. Additional tissuespecific functional studies may help elucidate these discrepancies.
An important strength of our study was that Pounds Lost is one of the largest and longest weight-loss trials to date. The design allowed for control of behaviors that may confound associations, such as the use of medications, smoking, and alcohol consumption because these did not differ by randomization group (19) . One limitation of our study was that compliance to randomized diet goals was not fully achieved, which may have created some misclassification, as previously discussed. In addition, we could not explore the effect of specific types of fat or fatty acids. Studies have reported interactions between TCF7L2 variants and saturated fat specifically (11, 12) in the same direction as our results for total fat. Although all Pounds Lost participants were instructed to consume #8% of saturated fat, it is likely that subjects in the low-fat diet group consumed less saturated fat or had a different ratio of types of fat. However, confirmation of this would imply the use of reported intake, which would invalidate the random assignment. Because gene interactions with other macronutrients have been reported, it might be difficult to distinguish the effects of these nutrients compared with those of fat. We also restricted analysis to white individuals as other researchers have done (3, 15) to avoid bias from population stratification. Replication in other racial-ethnic groups is warranted, because inconsistent evidence for the effect of TCF7L2 across ethnic groups has been reported (2, 4, 32, 33) .
In conclusion, our results suggest that overweight and obese individuals with TCF7L2 risk variants may obtain greater benefit of reducing body fat and mass by consuming diets low in dietary fat (w20% from total energy), and the changes may improve glycemic control. Our results may encourage individuals with increased genetic susceptibility from TCF7L2 to further reduce risk of type 2 diabetes by adhering to current prevention guidelines of limiting dietary fat intake.
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